The polypeptide gramicidin A is particularly appropriate for these studies of conformational stability, because it has a large surface to volume ratio. Its molecular structure and dynamics are highly sensitive to its environment. In lipid bilayers, gramicidin typically forms a single-stranded helical dimer (see Fig. 1 , blue), whereas in organic solvents, it forms a variety of stable double-helical conformations (see Fig. 1 , red) that vary in handedness and symmetry (i.e., parallel vs. antiparallel) (7). These conformers interconvert slowly enough in ethanol that four different conformations are well resolved by solution NMR spectroscopy (8). They convert much more slowly in dioxane or tetrahydrofuran, because the solvent cannot efficiently promote hydrogen bond exchange, and consequently, the conformers are trapped in a metastable state (7, 9, 10). In fact, they can be separated by TLC or normal-phase HPLC, and solution NMR spectroscopy can be performed on the individual conformers (10). The equilibrium between these conformational states varies, depending primarily on the dielectric constant of the solvent (unpublished results). Furthermore, when lipid bilayers containing gramicidin were prepared by first cosolubilizing peptide and lipid in various organic solvents followed by solvent removal and hydration, a solvent history dependence
The aqueous environment for water-soluble proteins promotes conformational rearrangements by mediating hydrogen bond exchange and by inducing dynamics at the solvent-exposed surface (1, 2) . Consequently, even minimum-energy conformational states for water-soluble proteins are marginally stable (3, 4) . The lipid environment is very different (5) . It (6) , here the conformation and conversion of a metastable state to a thermodynamically favored state is described and demonstrated for a bilayer-bound polypeptide.
The polypeptide gramicidin A is particularly appropriate for these studies of conformational stability, because it has a large surface to volume ratio. Its molecular structure and dynamics are highly sensitive to its environment. In lipid bilayers, gramicidin typically forms a single-stranded helical dimer (see Fig. 1 , blue), whereas in organic solvents, it forms a variety of stable double-helical conformations (see Fig. 1 , red) that vary in handedness and symmetry (i.e., parallel vs. antiparallel) (7) . These conformers interconvert slowly enough in ethanol that four different conformations are well resolved by solution NMR spectroscopy (8) . They convert much more slowly in dioxane or tetrahydrofuran, because the solvent cannot efficiently promote hydrogen bond exchange, and consequently, the conformers are trapped in a metastable state (7, 9, 10) . In fact, they can be separated by TLC or normal-phase HPLC, and solution NMR spectroscopy can be performed on the individual conformers (10) . The equilibrium between these conformational states varies, depending primarily on the dielectric constant of the solvent (unpublished results). Furthermore, when lipid bilayers containing gramicidin were prepared by first cosolubilizing peptide and lipid in various organic solvents followed by solvent removal and hydration, a solvent history dependence
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was observed (9, 11, 12 Solid-state NMR is well suited for characterizing proteins in anisotropic environments, and moreover, it can take advantage of uniaxially aligned samples (13) (14) (15) (16) (17) (18) . The gramicidin channel structure has been solved with solid-state NMR-derived orientational constraints from samples in fully hydrated lipid bilayers (13) . Through isotope labeling of individual specific amino acid sites, orientation-dependent nuclear spin interactions have been monitored in aligned samples (see Fig. 1 ). Because of the many precise constraints observed for the gramicidin channel, its structure is one of the highest resolution characterizations of a membranebound polypeptide or protein structure.
MATERIALS AND METHODS
Isotopically labeled amino acids were purchased from Cambridge Isotope Laboratories (Cambridge, MA). Dimyristoyl phosphatidylcholine was purchased from Sigma. Both amino acids and lipids were used without further purification. Gramicidin A was synthesized using fluorenylmethoxycarbonyl blocking chemistry and a peptide synthesizer (Applied Biosystems; model 430A) (19) . Peptides that were synthesized in <98% purity were purified by semipreparative HPLC as described (19) . Oriented 
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The orientation of the amide sites depends on both the handedness and helical pitch of the conformers. Consequently, the right-handed single-stranded channel conformation (Fig.  1, blue) gives rise to very different observed frequencies than the left-handed double-stranded dimer (Fig. 1, red) Based on this alternating pattern of chemical shifts, a 3-sheet structure was confirmed, and the helix sense was unambiguously determined to be right-handed (22) . The other resonance in each spectrum in Fig. 2 (Fig. 3C) . When the cosolubilization solvent is methanol/water, as in Fig. 2 , two resonances are observed for each labeled site (Fig. 3 A and B) , and when this sample is incubated at 68°C for 72 h, the intensity in the new resonance diminishes by more than 50% (Fig. 3B) . Therefore, this resonance and others like it in Fig. 2 represent a kinetically trapped metastable conformation that, upon extensive incubation at elevated temperatures, can be converted to the minimum-energy conformation in the bilayer environment (the channel state).
It is well known that the left-handed antiparallel double helix (Fig. 4) 4 . Conformational rearrangements of gramicidin dimers within a lipid bilayer. The backbone is drawn to emphasize the P-sheet nature of these structures, The C"-C" vector alternates in orientation to the bilayer normal, and the amide nitrogens shown in cyan alternate on either side of the tube representing the backbone. It is the spectroscopy of these sites that has provided the data for this paper. The antiparallel double-helix structure is a representation of the solution NMR-derived structure (20) . The channel state is a representation of the high-resolution solid-state NMR-derived structure in lipid bilayers (13) . The backbone conformation of the parallel double helix is based on results from Bystrov and coworkers (8) (14) . As illustrated at the bottom of Fig.  4 , the antiparallel structure in rearranging to the channel state moves the indole nitrogens to the bilayer surface when the structure untwists in the direction of forming the aminoterminus to amino-terminus dimer.
In methanol, both antiparallel and parallel double helices exist (7, 8) . When Fig. 4) , because the untwisting of such a structure results in an amino-terminus to carboxy-terminus junction and the burial of four indoles deep within the bilayer. These significant energetic costs are akin to the energetic cost of flipping a cholesterol molecule between bilayer leaflets, the rate of which is known to be very slow (30, 31) . Consequently, it is judged here that the observed metastable structure is a parallel double-stranded dimer that has all of its indole rings in one bilayer leaflet.
The trapping of a non-minimum-energy conformation is made possible by secluding the polypeptide from the catalytic effect of a protic solvent** and by the 
